Epitope mapping of an anti-polyhistidine monoclonal antibody has been performed by in vitro selection using mRNA display with a random, unconstrained 27-residue peptide library. After 6 rounds of selection, peptides were identified that contain 2 to 5 consecutive, internal histidines and are biased for arginine residues, without any other identifiable consensus. The epitope was further refined by constructing a high complexity, unidirectional fragment-library from the final selection pool. Selection by mRNA display minimized the dominant peptide from the original selection to a 15-residue functional sequence. Other peptides recovered from the fragment-library selection reveal a separate consensus motif (ARRXA) C-terminal to the histidine-track.
Introduction
Epitope mapping, the identification of regions of an antigen recognized by an antibody, is an important subset of protein-protein interaction analysis that is relevant in a wide range of disciplines where antibodies are used as molecular reagents. Conventional methods for epitope mapping involve the synthesis or expression of numerous overlapping polypeptides followed by probing for antibody reactivity (1) (2) (3) (4) (5) . Although these methods can achieve very fine-mapping (single amino acid resolution) of antibodies, they involve tedious, time-consuming, and often cost-intensive steps. These techniques also require a priori knowledge of one of the interacting partners (i.e., the antigen sequence).
Display technologies such as phage (6) and cell surface display on E. coli or yeast (7, 8) permit the assay of millions of polypeptides simultaneously for the identification of functional properties. In these systems, each display vehicle expresses multiple copies of a single polypeptide sequence on its surface. Active peptides are recovered by affinity selection (e.g. by biopanning or fluorescence-activated cell sorting) and identified by DNA sequencing of the library inserts. Random peptide libraries (9) (10) (11) , antigen-or gene-fragment libraries (12) (13) (14) , or a combination of both (15, 16) have previously been used for the epitope mapping of a wide variety of monoclonal antibodies (mAbs) 1 (reviewed in (17) ). Generally, these libraries suffer from low starting complexities and do not always achieve fine-mapping of antibodies unless the epitope is short (~5 residues) and well-defined. Peptide selection in combination with immunoassay of overlapping synthetic peptides has been used to fully delineate the physicochemical A-4 requirements for functional epitopes and accessory factors that influence binding affinity (16, 18, 19) .
More recently, entirely in vitro techniques for protein selection such as ribosome (20) (21) (22) and mRNA display (23) sequences, compared with ~10 8 -10 9 for techniques requiring an in vivo transformation step), and lack avidity effects as only one peptide is displayed per mRNA sequence. By accessing larger libraries, extremely rare sequences (such as long, discontinuous epitopes or peptides with better functional properties) can be selected and amplified (24) .
Epitope-like consensus motifs that define the core determinants of binding for the trypsin active site and for the anti-c-Myc antibody, 9E10, have previously been identified using mRNA display with a random peptide library (25) .
A further advancement of mRNA display technology is described here, where a unidirectional nested deletion library is constructed. A number of methods have been described for generating gene-or fragment-libraries from DNA, typically involving degenerate oligonucleotide priming (26) (27) (28) , random fragmentation of DNA (29) , or iterative removal of bases from either end of the gene (30) (31) (32) , followed by ligation to a vector or PCR for subsequent amplification of the library. These techniques have been employed for a variety of purposes, including epitope mapping and the determination of A-5 protein interaction domains (12) (13) (14) (15) (16) 33) . Because of the random nature of library construction, the majority of sequences in these libraries are non-viable due to frame shifts and ligations in the anti-sense orientation. Techniques have been described to maintain gene orientation using a pair of degenerate primers with constant 5' sequences used sequentially in the amplification of cDNA (DROP synthesis, (26)) or mRNA (33, 34) . However, these methods are technically challenging and may be prone to poor library coverage due to biased hybridization to target sequences (35, 36) .
As mRNA display facilitates selection from peptide libraries larger than previously possible, improvements are needed for generating libraries with broad coverage while maintaining high sequence complexity. The method described here uses a partial DNase I digestion to fragment the DNA pool randomly. These fragments are then directionally amplified, maintaining the sense orientation, and used to generate an mRNA display library. We first developed a pool of active members by performing in vitro selection with a random peptide library against a His 6 -tagged protein immobilized by an antipolyhistidine mAb. Due to the weak affinity of the mAb for the cited His 6 epitope, we inadvertently selected for peptide sequences with high affinity for the antigen-binding region of the mAb. This pool of mAb-binding peptides was subsequently used as the template for a nested deletion library. A 35-residue "winning" peptide was minimized to a 15-mer sequence using the mRNA display fragment-library. Selected peptides were analyzed by surface plasmon resonance and demonstrated 10-to 75-fold higher affinities than the cited epitope. The fragment-library selection also revealed a new motif important for high affinity binding, demonstrating how sequence length may be an important factor in delineating an epitope. The nested deletion construction methods A-6
should be highly applicable toward the isolation of minimal protein interaction domains from cDNA or protein expression libraries using mRNA display. (37) . The values obtained with this method were within 5% of those obtained using a calculated extinction coefficient at 280 nm.
Experimental Procedures

General
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The matrix preparation and all selection steps were performed at 4 °C. The reversetranscribed fusions, in 1 mL of selection buffer (50 mM HEPES-KOH, pH 7.5, 100 mM NaCl, 10 mM MgCl 2 , 10 mM NaF, 30 µM AlCl 3 , 0.05% Tween 20, 1 mM β-ME, and 5
µM GDP), were precleared by rotating with 20 µL of protein G-sepharose (4B Fast Flow, Sigma) for >1 h. The supernatant was transferred to the target matrix (80 µg of His 6 -G iα1 rounds were performed similarly, except that smaller translation reactions were used (300 µL non-labeled, 100 µL 35 S-Met labeled). Unblocked mAb (without the His 6 -tagged protein) was used as the target in the 6 th round of selection, when it was realized that the peptides were specific for the mAb.
RNA-peptide fusion binding assay
Aliquots of purified 
Fragment-library preparation
To generate the fragment-library, first-strand cDNA from a selected library was 
Results
Selection of a random peptide library against an anti-polyhistidine mAb
The peptide selection experiment, originally designed to target a His 6 -tagged protein immobilized by an anti-polyhistidine mAb, utilized a random, unconstrained 27-mer peptide library. During PCR and transcription the complexity of the library was (Table I) .
Selection for a minimal binding epitope
To narrow down the epitope and isolate shorter, high-affinity peptide sequences, a nested deletion library was constructed from the peptide C-dominated library. This library is composed of fragments of DNA that encode shorter stretches of the parent peptides. By using the fragment-library in an mRNA display selection, minimal binding sequences can be identified. Initial attempts to generate nested deletions using random priming on cDNA resulted in nearly full-length sequences, possibly due to the strand-displacement abilities of the polymerases used (46) . The majority of fragments recovered after the selection came from parent sequences other than peptide C (Table II, Other recovered sequences in this peptide class retained at least part of the ARRXA, suggesting that the first few residues of the consensus motif are more critical for high affinity.
Several additional peptides were discovered that encoded a weak consensus sequence non-related to the mAb-binding peptides (Table II, Class 3) . Binding assays with a couple of these peptides revealed significantly weaker affinity for the mAb than a His 6 -containing peptide control (data not shown). These peptides may bind to an alternate interaction site and were consequently enriched when high stringency, competitive washes were introduced for the last rounds of selection. Site-specific, competitive washes (e.g., with poly-L-histidine) would result in the enrichment of peptides with A-18
higher affinity for the antigen-binding region, as well as for peptides with affinity for other sites.
Immunoprecipitation of selected peptides
Selected clones were qualitatively assessed for binding by immunoprecipitation with the anti-polyhistidine mAb ( Figure 5A ). 35 S-Met labeled peptides were assayed directly from the in vitro translation reactions. The selected peptides demonstrated significantly increased binding compared with a C-terminal His 6 -tagged peptide control ( Figure 5B ).
Non-specific binding was shown to be minimal with a c-Myc epitope control peptide.
Correct translation of the fragment-selected peptides and the Myc control was confirmed by immunoprecipitation on the 9E10 anti-c-Myc mAb (data not shown).
Kinetics by surface plasmon resonance
Various peptides from the fragment selection were synthesized and purified for kinetics analysis by surface plasmon resonance (SPR). In an SPR experiment, one binding partner (ligand) is immobilized on the surface of a sensor chip while the other reactant (analyte) is in solution. Binding of the analyte is seen as a refractive index change on the sensor chip surface and is measured in real-time in resonance units (RU). Peptides were synthesized with a C-terminal biocytin residue for immobilization on streptavidincoupled surfaces. Full-length peptides B and C were also assayed by expressing the peptides as fusion proteins with a C-terminal MBP and an N-terminal bio-tag, which is biotinylated in vivo by biotin holoenzyme synthetase (BirA). By purifying these proteins via monomeric avidin, they retained their biotin moieties and a homogeneous ligand surface could be produced on the SPR sensor chips.
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Rebinding and bivalency effects of mAb interactions with immobilized antigens have previously been shown to offset kinetics measurements considerably, rendering both absolute and relative binding constants unreliable (47) . To avoid these problems, Fab fragments were prepared from anti-polyhistidine mAb and used as the analyte. Using the peptides as the immobilized ligands and Fab as the analyte ensured fair comparisons between the kinetics measurements, avoiding bias in protein quantitation, since all Fab concentrations were prepared from a single stock solution. Kinetics parameters were determined using a 1:1 bimolecular interaction model (Table III) .
The assayed peptides could be categorized by their dissociation rates from the Fab To better characterize the mAb epitope and demonstrate the feasibility of gene fragment mRNA display, a nested deletion library was constructed from the final selection pool. A modified DROP-amplification of cDNA was performed to maintain as many viable library fragments as possible (26) . Due to the difficulty in obtaining a broad size distribution of sequences with degenerate oligos, the protocol was modified to use DNase I for the random fragmentation of cDNA. DROP-synthesis using a highly processive DNA polymerase, capable of potent strand-displacement, yielded intact copies of the cDNA fragments while maintaining the sense strand ( Figure 3A) .
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In vitro selection with the fragment-library resulted in the identification of a 15-mer functional sequence derived from the full-length 35-mer, peptide C. Because the initial fragment-library was produced from a pool dominated by peptide C, we expected to recover and identify numerous overlapping peptides that defined a minimal epitope for this sequence. Surprisingly, the majority of recovered sequences came from unknown parents. The enrichment of these peptides implies that these fragments were more highly favored after truncation. The flanking regions of the original peptides may have hindered access to the epitope by the mAb, suggesting that peptide length may be an important attribute in the fine-tuning of affinity and/or function. Alternatively, these particular sequences may have been negatively biased by the constant C-terminal peptide used in the original random peptide library. The 3-frame constant sequence used in the fragmentlibrary construction increases the sensitivity of the selection when one of the translation frames causes negative bias. Additionally, a random distribution between the three translation frames would indicate that the constant region does not affect selectability.
The 6 independent clones of peptide D, for example, had all 3 frames represented in the 3' constant region (Table II and data not shown).
Based on the selected peptide sequences, two major protein interaction motifs were identified: a core epitope consisting of at least three consecutive His residues and a 2 nd interaction site encoded by the consensus motif, ARRXA. SPR experiments demonstrated a significant increase in the association rate of His 10 compared with His 6 , suggesting that additional His residues present a more accessible core interaction, rather than slow dissociation by enhancing rebinding from multivalency effects. Only additional contacts, made by the addition of interacting residues such as the ARRXA A-22 motif, result in significantly slower dissociation rates. These flanking residues can contribute significantly to the binding free energy-at least 2.6 kcal/mol in the case of peptide B in comparison with His 6 , which assumes the loss of 2 out of 6 histidines in the core has no effect. The two interaction cassettes we have identified here are likely juxtaposed sites from the fusion protein used as the original antigen, a proprietary sequence. 3 Our results also highlight the importance of flanking residues outside of the two consensus motifs and their contribution to binding affinity with antibodies. Residues adjoining core amino acids in an epitope can substantially influence antibody binding, the effects of which can only be assessed through quantitative affinity measurements (15, 19) . This is demonstrated in our experiments, where the rank order of binding in the immunoprecipitation assay did not entirely correspond with quantitative kinetics measurements. Epitope tags are often appended to proteins and used as molecular handles for detection, isolation, and analysis of protein-protein interactions. Their functionality in this context, however, is highly variable. Tandem repeats of tags (e.g., the popular c-Myc or FLAG epitopes) have been used to ensure robust affinity and recognition by antisera (48, 49) . By identifying longer functional peptides with appropriate flanking residues, high affinity can be maintained with less variability depending on the linker region and the protein to which the epitope is attached. One of the difficulties noticed in the fragment selection was the disproportionate number of peptides that did not contain an N-terminal deletion. Because of the 5'-UTR on the mRNA used to make the fragment-library, more fragments containing the first start codon (with varying lengths of UTR sequence) were probably present in the initial fragment pool. 5'-UTR and/or promoter sequences most likely do not hinder the fragment selection process, as ribosome scanning can initiate translation at the correct start codon, regardless of which frame was amplified. This was seen in several of the selected fragment sequences (Table II) . This property increases the number of viable A-24 (i.e., translatable) templates, but introduces some bias favoring intact N-terminal sequences.
Although not utilized in this experiment, the c-Myc tag introduced in the fragmentation library can be used to generate and purify a fragment-library enriched with in-frame sequences. Although the tag is at the N-terminus of the library, in general RNA-peptide fusions will form only when the ribosome can translate most of the sequence and reach the end of the mRNA (unpublished results). Hence, only sequences that lack stop codons (and therefore are most likely in-frame) will form fusions and be purified and amplified after a Myc-epitope pre-selection. Another improvement to the protocol includes using Exonuclease I to remove excess degenerate primers during DROP-synthesis, preventing the amplification of sequences without "inserts," as DNA size fractionation by agarose gel is not completely effective in removing these smaller fragments (data not shown).
Due to the higher efficiency of synthesizing the nested deletion library completely in vitro, the fragment-library construction described here maintains a higher number of unique sequences, in contrast to DNA libraries produced by enzymatic ligation and cloning, which are limited by in vivo transformation efficiencies. Additionally, the DROP-synthesis is unidirectional for all amplified sequences so that the sense orientation is maintained and only the minimal 2/3 of the fragments are non-viable due to frame shifts. This protocol produces a well-distributed library and is technically less challenging as the random oligonucleotide priming is used only to "copy" the cDNA fragments produced by DNase digestion, and need not be optimized for generating a Although the technique may not be sufficiently processive for the fine-mapping of short peptide sequences, it should be highly applicable for constructing cDNA or tissuespecific expression-libraries and the subsequent determination of minimal binding domains and novel protein-protein interactions. Tables   Table I. Peptide sequences from anti-polyhistidine mAb selection using a random 27-mer library.
a Only the random domain is shown. Sequences contained between 2 and 5 consecutive histidines and were aligned at the C-terminal end of the His-track. A consensus was not observed except for a strong bias for Arg several residues C-terminal to the His-track. His and Arg residues are shown in bold. The frequency (out of 53) is shown for peptides that appeared more than once from DNA sequencing of individual clones. For these sequences, amino acids that differed between clones are in italics, with the most common residue at that position shown. Several sequences contained multiple deletions that shortened the random domain but left the C-terminal constant region intact and in-frame. The sequence marked with an asterisk contained a 2 bp insertion which resulted in a frame-shift of the C-terminal constant region (not shown). Peptides A, B, and C are named.
A-34 (Table I ) and the putative minimal epitope is underlined. Class 2 sequences contain portions of the ARRXA motif. Conserved residues are in bold. Sequences derived from parent peptides A and B, as well as new peptides D, E, and F, are labeled. The C-terminal RGQ in the sequence derived from peptide A is encoded by part of the 3'-constant region. Class 3 peptide sequences were aligned using CLUSTALW (http://npsa-pbil.ibcp.fr) with key residues determined automatically. Clone frequency (out of 20) is shown and differing residues are italicized as described in Table I . Peptide sequences translated from alternate start codons are marked (*).
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